A host of analytical tools are available to assist the tribologist in understanding and characterizing the polymer wear process. They can be used in the study of polymer wear and the development of polymer transfer films to nonpolymer counterfaces. Some of the devices discussed Include visual observation of polymer wear with SEM, quantifying it with surface profilometry and 3 ellipsometry, studying chemistry with AES. XPS and SIMS, establishing inter-7 facial polymer orientation and accordingly bonding with QUARTIR, polymer statê with Raman spectroscopy and stresses that develop in polymer films using a X-ray double crystal camera technique.
INTRODUCTION
When any two surfaces are brought into solid state contact and subsequently separated the nature of one or both surface frequently has changed as a result of the contact. It is even more likely to occur when mechanical forces are imposed on the contact. Polymeric materials are not different than other solids in this respect. The surface and near surface changes that have occurred in polymers may however be more difficult to characterize, in part because of the difficulty in identifying these materials with analytical tools.
Wear in a strict sense occurs whenever material is lost from a solid. The mechanism of loss can be abrasion, adhesion, erosion, cavitation, corrosion or fatigue. This loss can occur at the atomic level. At this level analytical tools such as the field ion microscope and the atom probe can be used to study wear loss of polymers. These tools have been used in the authors laboratory for many years to study polymer adhesion and transfer to metal surfaces (refs. 1 and 2). They are capable of providing insight into the presence or absences of transfer (wear), the adhesive strength of polymer to metal, amount of transfer, bond scission, mechanical effects such as loading of surfaces together, chemical effects on bonding and surface energetics. The field ion microscope coupled with the atom probe is the ultimate tool for the study of polymer wear because it allows the analysis both structural and chemical of the wear process at the atomic level. While the field ion microscope with the atom probe may be the ultimate in polymer wear analysis in many instances such depth may not be required as the wear process may be a relatively gross event.
In such cases much more conventional tools may be used to characterize polymer wear. Two such tools are the surface profilometer and the scanning electron microscope (SEM). These devices provide a macroscopic picture of the wear of polymers.
There are many other analytical tools that can assist the tribologist in the characterization of the polymer wear. Many of these tools including those discussed herein are described fully in Ref. 3 where their capabilities, sensitivities and limitations are given in detail. They can identify quantity of polymer transferred to a counterface surface (ellipsometer), amorphous verses crystalline state (Raman spectroscopy), stresses in transfer films and worn polymer surfaces (double crystal X-ray techniques), orientation of transferred molecules of polymer on the counterface (reflection-absorption infrared spectroscopy; RAIR), bonding mode (inelastic electron tunneling spectroscopy, IETS), elements present in pblmer wear debris (Auger electron-spectroscopy, AES), mapping of polymer wear surface distribution (scanning Auger microscopy, SAN), distinguish between various homologs (low damage secondary ion mass spectrometry, SIMS) and interfacial polymer to counterface chemical analysis (X-ray photoelectron spectroscopy, XPS).
The objective of this paper is to review the wear of polymers using the above tools in order to characterize the wear process. Wear analysis will include microscopy observation, profiling, thickness measurements and chemistry both structural and analytical.
VISUAL OBSERVATION OF THE WEAR SURFACE
The visual observation of the polymer wear surface is the simplest method for characterizing the wear process. Frequently a considerable amount of very useful information can be gained from the use of the light optical and scanning electron microscope studies of the polymer surface that has undergone wear.
An example of how visual observation can assist in wear studies has been demonstrated in the erosion behavior of thermoplastics (ref. 3 ). In the erosion of polymers the shape of the impinging particle on the polymer surface determines the mechanism by which wear occurs. If the particle is relatively smooth and spherical wear to the polymer surface occurs by the formation of deformation flakes, fracture and sub-surface fatigue. Where the particle have sharp edges the wear process is dominated by cutting analogous to an abrasive grit. 
PROFILING POLYMER WEAR
In addition to seeing the wear surface it is often desirable to quantify the loss of polymer due to wear. One of the most straight forward techniques for accomplishing this is to profile the wear area. This can be done with mechanical devices such as a stylus tracking of the profile or for extremely deformation prone surfaces with the use of optical or laser beam profiling.
An example of the use of the profilometer in following the erosive wear of polytetrafluoroethylene (PTFE) is presented in Fig. 2 . The profiles of the wear spot, which are circular in nature at the surface, are presented for various periods of exposure time to the erosive particles. With increasing time the depth of the pit continues to increase. It is important to note that magnification in the horizontal and vertical directions is not the same. Thus, in using the profiles and integrating the wear area to arrive at total loss, care must be taken to correct for the differences.
The profilometer can also be used to track polymer wear where one material in contact is a polymer and the other is, for example, a metal. If wear occurs by transfer of polymer to the metal, the surface of the metal can be profiled to identify the amount of polymer transferred.
THIN FILM IDENTIFICATION
Where polymers transfer to counterface surfaces in extremely thin film forms, of the order of monolayers the surface profilometer becomes ineffective and other tools must be used. A device which can measure the thickness of such films is the ellipsometer. It can detect film thicknesses of polymers on the order of angstroms.
In Fig. 3 the film thickness of a polymer is presented as a function of deposition time (ref. 4). It can be seen from the data of Fig. 3 that polymer films of thicknesses of the order of 30 to 40 angstroms can be readily detected by ellipsometric techniques. This device, then, permits the transfer of extremely thin polymer films and allows for the identification of the onset of adhesion and transfer, providing the opportunity to identify when bonding occurs and some indication of bond strength. If the polymer is seen to transfer to a counterface surface, then it is reasonable to assume that the interfacial adhesive bond strength is greater than the cohesive strength of the polymer itself. This observation will only hold where the counterface surface is atomically smooth.
THE CHEMISTRY OF POLYMER WEAR

Devices
The tools described thus far in this paper present a physical view of polymer wear. What about the chemistry of the polymer wear process? In studying chemistry it is desirable to have the analytical tool incorporated directly into the wear experiment. An example of such a device is presented in the schematic of Fig. 4 from the authors laboratory. Figure 4 presents what is commonly referred to as the pin on disk friction and wear device. A hemispherical rider mounted in a beam is loaded against a rotating disk. The disk is rotated unidirectionally. The beam containing the rider is mounted in a gimbal which is connected to a strain gage assembly for measuring friction force.
Wear to the rider and disk can be measured periodically or upon completion of an experiment. One or both specimens can be polymers or polymer compositions.
The system depicted in Fig. 4 contains the components for XPS analysis of the disk and ion depth profiling for the removal of surface films and polymer layers. X-rays are the excitation for the emission of electrons from the surface whose binding energies are measured with the analyzer. A beam of argon ions are directed at the surface in the location of analysis for depth profiling.
The beam of X-rays strike the surface of the disk in Fig. 4 at a location of 180° from where the rider contacts the disk. Thus, changes in surface chemistry in the wear track can be continuously monitored during the course of an experiment. A similar type of device is used for Auger analysis (AES) only the excitation source is a beam of electrons rather than X-rays as used for XPS. With AES an elemental analysis is obtained while with XPS compounds and changes in polymer chemistry can be followed.
Surfaces and Interfaces
Sliding friction and wear experiments were conducted with polytetrafluoroethylene (PTFE) sliding of nickel. An important question to be asked is does the polymer chemistry change when it undergoes wear? There is a considerable amount of energy dissipated at the sliding interface and this energy could conceivably degrade or alter the polymer from that observed for the bulk unworn polymer. Figure 5 presents the fluorine KLL Auger spectra for both bulk PTFE and the wear transfer film (ref. 5). Feature 1 involves the 2s and Is electrons, while feature 2 involves the 2p and Is electrons and would be expected to change size with a change in chemical bond. Thus, a change in the ratio of feature 2 to feature 1 is indicative of a change in the chemical state of the film. Although the features are not sharp and feature 1 is particularly difficult to measure, there is no difference in the spectra beyond the limit of uncertainties. The transfer polymer wear film is therefore the same as the bulk PTFE.
The data of Fig. 5 tell us that the surface of the transfer film has the same chemistry as the bulk polymer. Auger analysis is surface sensitive and probes only to a depth of four to five atomic layers. What about the chemistry at the interface between polymer and metal? Is there any chemical interaction resulting from the sliding process and contributing to polymer wear? XPS with ion depth profile analysis can assist in answering these questions. First, XPS probes more deeply than AES and secondly ion depth profiling can assist in getting to the interface through removal of thick polymer wear transfer films and thereby arrive at the interface.
The XPS spectrum of Fig. 6 for the F(ls) peak indicates that at the nickel to polymer interface some nickel fluoride (NiF2) forms. The amounts is extremely small but is nonetheless present. Both peak heights and film thickness indicate that only an occasional flourine has reacted with the nickel chemically. Since fluorine is monovalent, it is unlikely that it can function in the formation of a strong bond between the metal and the PTFE. The single fluorine bond must interact either with the metal when it forms nickel fluoride or with carbon of the polymer.
The presence of N1F2 at the polymer metal interface may be indirect evidence for the formation of a metal to carbon bonds. When the fluorine reacts with the nickel a carbon is available for bonding also to the metal.
Oust as the ellipsometer can be used to measure polymer film thickness so can XPS. For example, with PTFE by the use of the ratio of intensities of the F(ls) and the C(ls) peaks and the attenuation of the nickel peak intensities it is possible to measure polymer film thickness and accordingly polymer wear (ref. 5 ). Figure 7 indicates the amount of polymer transfer on wear that occurs as a function of a mechanical parameter sliding speed. An examination of Fig. 7 indicates that the higher the sliding speed for a polymer in contact with a metal the greater the film thickness and accordingly the amount of polymer wear.
While Auger electron spectroscopy and X-ray photoelectron spectroscopy can give elemental and organic structual information, respectively, they have limitations in the amount of material they can detect. For example, where polymers are in sliding, rolling or rubbing contact with metal or alloys wear to the metal as well as wear to the polymer can occur. Metals have been observed to transfer to polymer surfaces (ref. 6 ). This transfer can be extremely discrete and difficult to detect in the polymer surface as well as polymer wear debris.
Static or low-damage secondary ion mass spectrometry (SIMS) can be used to characterize polymers and also detect very small amounts of metals transferred to polymers or in polymer wear debris. While SIMS uses an ion beam to sputter remove surface species and is therefore inherently destructive, damage can be minimized by using low ion beam fluxes (3xlO~9 A/cm^). This allows for monolayer analysis.
SIMS can be effectively utilized to distinguish, for example, among a series of poly(alkyl) methacrylate films deposited on a metal substrate.
Low-damage SIMS has distinguished thin transfer films of the homologous series of poly(methyl, ethyl, isobutyl, n-butyl and louryl) methacrylates. Figure 8 is a SIMS spectrum from a polylaurylmethacrylate films on a silver substrate (ref. 7) .
The mass to change ratios ( m /Z) are detected in Fig. 8 for the methyl ( m /Z 15) ethyl ("i/z 29), propyl ( m /Z 43) ions as well as that for [CM^* ion ( m /Z 55) associated with the breakup of the lauryl group. The [€4^]+ has the greatest intensity. With the poly(methyl and ethyl) methacrylates, the methyl ion ( m /Z 15) and the ethyl ion ( m /Z 29) are respectively the most intense ion species present. In the case of the butylisomers the ethyl ion ( m /Z 29) is dominant over the propyl ion ( m /Z 43) for the iso-butyl isomer while with the n-butyl isomer the reverse is observed. With the lauryl isomer the ( m /Z 55) is the most intense of the four ions and the other ion intensities decrease with decreasing m /Z. Silver is detected in the polymer from the silver substrate.
SIMS has proved to be a very useful tool in polymer film studied and accordingly wear analysis. Various polymers have been fingerprinted with SIMS including in addition to those already discussed, low density, polyethylene, polypropylene, polystyrene, nvlon-6 and poly(ethyleneterephthalate) (refs. 8 and 9).
Polymer to Counterface Bonding
Of extreme interest to the tribologist is the nature and structure of interfacial adhesion of polymers to substrate surfaces because it contributes heavily to the adhesive wear of polymers. A very useful tool for the study of this subject is quantitative absorption -reflection thickness infrared spectroscopy (QUARTIR). This device is uniquely suited for the study of preferential orientation of large molecules at interfaces. Thus, insight into the structural interfacial bonding of molecules can be had, adhesion and accordingly adhesive wear better understood.
Studies have been conducted with a surfactant, 4,5 dimethoxy-2-nitrobenyl hexadecane sulfonate (PMS) cast in a copolymer-substrate. The structure of the surfactant is indicated in Fig. 9(a) . Films of thicknesses from 100 to 1000A on the aluminum substrate were examined.
The use of QUARTIR permitted (1) the analysis from bulk film to near monolayer, (2) quantitatively established individual bond absorbances in the film, (3) allowed for the commutation of frictional changes in normalized absorbance between bulk and interface values, (4) determined the transition moment direction of the modes producing each bond in terms of internal molecular coordinates, and (5) from (3) and (4) made possible the angles of the various transition moments and accordingly molecular coordinates of bonding to the solid surface. Figure 9 (b) presents the mechanism of bonding of the surfactant PMS to the oxidized aluminum surface. Certainly such information is extremely useful in predicting adhesive bond strengths at interfaces.
Polymer Structure
In addition to visualization, profiling, thickness measurements and chemistry of polymer wear it is frequently desirable to know whether the polymer is in the amorphous or crystalline state because other properties relate to state. Raman spectroscopy is very useful in studying very low frequency modes associated with vibrations of polymer chain backbones and the lattice modes of polymer crystals. It complements infrared spectroscopy.
The ability of Raman spectroscopy to distinguish between mylar in the crystalline and amorphous state is presented in Fig. 10 taken from Ref. 10 . The figure reveals the distinct differences in peak shape with crystallization of the polymer.
Molecular relaxations, and molecular orientation of polymers can be related to tribological performance. Such studies have been conducted with polyimides (ref. 11).
Stresses in Polymers
During the sliding, rolling or rubbing process for polymers stresses are generated in the polymer. Where polymers are in contact with metals or alloys transfer films of the polymer generally develop on the counterface. These polymer wear films are generally highly stressed. Until recently there has been no good effective technique for the simple measurement of these stresses. A X-ray scheme has been demonstrated as being capable of providing such measurements. It has been used for the measurement of stresses generated in polyimide films (ref. 12) . Figure 11 presents a schematic of a double crystal camera arrangement With a) unstrained crystals, and b) a strained crystal. The polymer films have been deposited on single crystal silicon substrates. In Fig. ll(a) an unstrained crystal is in position two, with each crystal aligned to obtain Bragg diffraction in transmission from a set of planes. Translation of the two crystals produces no change in the double-diffracted X-ray intensity because the Bragg angle remains constant across the crystal. The crystal in position two of Fig. 11 (b) has a curvature due the stresses generated in the polymer. Translation of the two crystals of Fig. 11(b) results in a sharp decrease in the double-diffracted X-ray intensity due to lattice curvature. Details of the technique can be found in Ref. 12 .
With the X-ray technique described stresses in polymer wear films can be measured. One could incorporate a pin on disk friction device within the opening of the X-ray camera and conduct "in situ" measurements. The stresses developed in the film with repeated passes, increasing load, varied sliding speeds and polymer compositions can be measured. This could lead to a better understanding of the role of stresses in polymers on their wear behavior.
The effect of temperature on polymer stresses can also be measured. Again, this could be done "in situ". Figure 12 presents a plot of stress as a function of temperature. The data for a polyimide in Fig. 12 indicates that interfacial stress decreases with an increase in temperature. This could be effectively utilized to determine the effect of frictional heating on polymer stress as well as wear.
CONCLUDING REMARKS
A host of analytical tools are available to the tribologist for the study of the wear of polymers and polymer films. Much can be learned about the wear behavior of polymer with visual observation of the wear surfaces with the scanning electron microscope while surface profilometer can assist in quantifying polymer wear.
The thickness of polymer transfer films to counterface surfaces can be measured with sensitivities into the angstrom range with the ellipsometer. The device can be arranged for in situ thin film measurements.
The chemistry of polymer surfaces and their wear can be measured "in situ" with Auger electron spectroscopy. X-ray photoelectron spectroscopy and secondary ion mass spectrometry. These tools provide elemental, compound analysis and distinguish among a series of homologs respectively. Orientation at the interface between polymers and metals where the polymer transfer to the metal can be determined with quantitative absorption-reflection thickness infrared spectroscopy. With an understanding of polymer interfacial orientation, bonding mechanisms can be identified and accordingly adhesion of polymers to metals better understood.
Raman spectroscopy can be used to identify the polymer state and double camera X-ray techniques to determine the amount of stresses developed in films of transferred polymers. 
